ABSTRACT
The parallel panel geometry is well suited for the development of simple engineering fire growth models based purely on laboratory property measurements. The present paper concentrates on an essential part of such models -namely -prediction of the net integrated flame heat transfer to the panels in terms of exposure fire heat release rate and properties of the wall material being tested. One needs a formula. More specifically, a formula for the net flame heat transfer to the walls, p Q that depends on: (1) tested. Using such a formula together with properties of the wall material, one should be able to predict whether a given exposure fire can induce uncontrolled fire growth in a Parallel Panel Test, [2] . Specifically, one wishes to determine [3] demonstrated that the flame heat flux is very sensitive to the fuel sootiness for parallel panel geometries. The present study extends those experimental results to a wider range of fuels and heat release rates using a very similar measurement method. The present study also goes further by providing an analytical model for the flame heat transfer, which is tailored for incorporation into parallel panel fire growth models applicable to wide ranges of fuels, fire scales and parallel panel geometries of different aspect ratios. Figure 1 shows a general schematic of the apparatus. Gaseous fuels are supplied to the sand burner at the base of the panels. Flames are confined between two 6.4 mm thick carbon steel plates. Care is taken to seal the base of the panels to the sand burner to insure that all the air reaching the flames comes only from the open sides. Thermocouples are peened into both steel plates at the locations shown in Fig. 2 . The thermocouple locations were chosen to provide 1) a detailed map of wall heat transfer distribution in the lower flaming region, 2) heat transfer variation with height on the burner centerline, and 3) the lateral profiles of heat transfer at the 4 ft. (2.6 m) and 8 ft. (5.2 m) elevations.
APPARATUS
One sees from Fig. 1 that the panels are wider than the sand burner. The panels were originally constructed for another study. It makes little difference for the present study, --since the flames always remain within the width demarked by the sand burner. Figure 3 shows the thermal insulation on the rear of the panels. It also shows how the thermocouples are peened and clamped to the panels. In order to protect thermocouple electrical insulation, the wall temperatures were never allowed to exceed 200 o C. During the fire, the walls were soon blackened by the flames so that they had unit absorptivity to flame radiation. Prior to each test, all exposed wall surfaces were thoroughly vacuumed to remove fluffy soot accumulations that might interfere with the flame heat transfer.
MEASUREMENTS
The panels were initially at ambient temperature. The flames ignited and attained steady burning within 20 seconds. The heat transfer rate at each location was determined from the local rate of rise of the wall temperature. The heat transfer rate rose quickly to a maximum and then decreased slowly due to decreasing convective heat transfer from the flames and increasing radiant heat loss as the surface temperature increased. One is interested in the flame heat transfer to a surface at ambient temperature. To correct for the effect of increasing surface temperature, we added back both (1) the surface radiation assuming a unit emissivity and (2) the reduction in convective heat transfer assuming a convective heat transfer coefficient of
. Taken together, the two corrections typically amounted to about 7% of the uncorrected rate of rise value. After correcting for these losses the flame heat transfer was became effectively constant. Figure 4 shows the transient heat flux together with corrections at three heights for a 102 kW C 3 H 6 fire. Calculations of heat losses (or gains) due to lateral conduction within the steel plates were always less than 1.5% of the measured flame heat transfer; while the heat losses through the rear insulation was less than and 0.5% of the measured heat transfer.
Flame Heights
Flame heights were measured for three of the fuels. See Fig. 5 , below. Thirty photographs were analyzed for both the flame tip and continuous flame heights for each test. For sand burner heat release rates less than 100 kW/m 2 , the flames appeared intermittent and are not reported here. The flame tip height, tip , is the highest location of a visible flame that is either attached to the main body of the flame or detached from the main body by no more than ten percent of its height. The continuous flame height, cont , is the maximum height at which the flames touch the walls on both sides. Between cont and tip the flames the flames became narrower and separated from the panels. Figure 5 shows correlation curves for both cont and tip based on data for all three fuels. Flame heights in general correlate better when plotted against actual heat release rates,
than theoretical heat release rates, T Q . This is because flame heights are governed principally by the amount of entrained air required to consume the supplied fuel. Actual heat release rates are more nearly proportional to oxygen consumption rates in the presence of incomplete combustion. Table 1 Previous experimental studies [4, 5] found actual heat release rates per unit volume for buoyancy controlled turbulent fires are also independent of fire-scale. Photographic measurements [4] of flame volumes for 0.38 and 0.76 m diameter pool fires burning CH 4 , C 3 H 8 and PMMA all yielded a volumetric heat release rate of 1200 kW/m 3 . This latter value is close to the present value of 1110 kW/m 3 . Scanning radiometer measurements [5] above of line and axisymmetric buoyant fuel jets show that the radiant output per unit flame volume is also independent of fire-scale for optically thin flames. These results are explained by the microscale combustion process being controlled by the Kolmogorov microscale which is virtually independent of scale for purely buoyant diffusion flames [6] .
The present results for purely buoyant fires do not apply to situations where the turbulence is also generated by turbulent shear stresses that reduce the Kolmogorov microscale and thereby reduce the soot formation, flame radiation and smoke yield while increasing the volumetric heat release of the turbulent flames.
Heat Flux
Heat flux measurements on both panels were virtually identical. They were also reasonably symmetric across the width of each panel. Perhaps the extra width of the panels help shield and stabilize the flames. The measurements reported here have been averaged to take advantage of these symmetries. Figure 6 shows the centerline heat transfer measurements for four fuels having burner total heat release rates ranging from 180 to 207 kW.
To evaluate the heat flux integral defined by Eq. 1, one must fit interpolating polynomials, ( ) The use of ratios of polynomials, instead of ordinary polynomials, yielded smooth fits that are especially accurate near the ends of the fitted regions.
The lateral heat transfer profiles were close to Gaussian with almost all the heat transfer confined within the width, w defined by the sand burner. Before fitting the lateral distributions the measured heat fluxes 
The vertical and horizontal interpolating functions were combined for each test to provide a smooth interpolation expression for the heat flux, The results correlate according to the model described below.
MODEL
We now develop a simple model for the flame heat transfer assuming that the heat transfer to the walls occurs only by radiation. Assume flames fully occupy the volume between the parallel panels up to height f but not beyond. This yields a flame volume 
The area of the panels in direct contact with the flames is 
This result is successfully correlated in Fig. 7 
One gains a physical understanding from Fig. 8 . The ratio of ordinate to abscissa
is the net fraction of the actual heat release rate transferred to the panels. From the standpoint of flame heat-transfer, this ratio controls the fire growth process. The first term on the right of Eq. 12 gives the radiant (plus convective) fraction that is incident on the panels. This term depends only on fuel type (i.e. Table 1 . Properties of Fuels Used in the Study [9] . 
